The trade-off between pleiotropy and redundancy in telecommunications networks is analyzed in this paper. 
INTRODUCTION

Complex systems can be modeled as a network, whereby the interactions between the systems' components define their overall behavior and functions. By analyzing each entity, their emergent behaviour and self-organized structures cannot be determined. Each complex system may also have nested complex networks, which may have its own embedded complex systems.
1, 2
Such complex systems may include the Internet, power transmission grids, and financial and social networks. 3 
, 4 Thus, by modeling and examining the properties of a simple telecommunications network without network routing and data packet transmission as a complex system, where each node may represent a smaller communications network, telecommunications companies may be able to improve the reliability and reduce the cost of the networks.
The pleiotropy of a server in a telecommunications network is defined as the number of clients that it can attend to, whilst the redundancy is described as the number of servers servicing a client. 5, 6 A client-server network with a mixture of pleiotropy and redundancy can be seen in Fig. 1 . This indicates good robustness in the system; if server A and C fail, the set of clients {1,2,3,4} can still function with the service of server B. On the other hand, allowing the server (for example, server B in Fig. 1 ) to serve more than one client reduces the costs of installing expensive servers. Consequently, network topologies can be optimized so that the networks can be both robust and have low setup or runtime costs.
An abundance of methods exist for network optimization, however, steady state evolutionary algorithms are used since they can model the incremental growth of the telecommunications networks as an organic process. 5, 6 They allow us to capture the dynamic of the telecommunications network as data links, servers, and clients are added to the network, removed from it, fail, or get repaired. Thus, the modification of the problem specifications, constraints, and/or objective functions do not require the optimization process to be restarted as evolutionary algorithms can adapt to the changes. Moreover, evolutionary algorithms search for a solution from a diverse set of solution space, as opposed to searching from a starting point. 7, 8 Since a guaranteed optimal solution is not provided by evolutionary algorithms, they are used as a tool in the design process as opposed to a tool for determining the optimum topology of a telecommunications network.
Tasks / Clients
Agents / Servers Figure 1 . A simple client-server network topology displaying the pleiotropy and redundancy of the servers, which leads to a network topology of good robustness and low costs. Servers Subsequently, another pseudo-random generated number will be compared with the probability of symbiosis. If the former is smaller, these fitter chromosomes, or their offspring if any were born, will interact and cooperate with each other. Finally, a pseudo-random generated number will be compared with the probability of mutation to determine if these chromosomes should mutate. Once again, they will mutate if the third pseudo-random generated number is smaller. The resultant mutants are then inserted back into the population via replacement of the chromosomes that have fitness values closest to theirs. 9 The terms individuals, chromosomes, graphs, and telecommunications networks are used interchangeably. Similarly, the terms set and population of chromosomes are used synonymously. This is a consequence of modeling a telecommunications network as a directed graph G=(N set , E set ), where N set is the set of nodes and E set is the set of directed edges. 20 The nodes denote the geographical locations of the clients and servers in the network whilst the edges represent transmission, or data, links between clients and servers/other clients. 
Chromosome Representation
In each chromosome, the topology of the network can be represented as an adjacency matrix if only one directed edge or none is allowed to be connected from node A to node B. That is, the number of directed edges going from
Implementation of Genetic Operators
A description for the basic models of biological phenomena employed in the optimization of telecommunications networks within a network layer is provided. Chromosome selected for mutation undergo the following process: A pseudo-random number is generated to determine the number of nodes in a network that will be affected. For each affected node, another pseudo-random number will be generated to determine if an edge will be removed from or added to the network. If the second pseudo-random number is greater than a threshold, an edge will be added; else, an edge will be removed. See Fig. 4 
Symbiosis.
In modeling beneficial symbiotic relationships, commensalism is considered as five nodes in a network
Metrics for measuring Pleiotropy and Redundancy
Metrics for measuring pleiotropy and redundancy are provided as follows:
The metric used for measuring the pleiotropy of a server is:
where O s is the outgoing edge of a server, O s is the sum of O s for each server, and |S| is the number of servers in the telecommunications network.
The redundancy of a server can be measured as:
where 
where C o is the cost function of the telecommunications network, mst refers to the set of edges belonging to the minimum spanning tree, and E msti is the i th edge in this set of edges.
A telecommunications network installed using a topology that is a set of shortest paths enables all the clients and servers to be connected using the least cost of all data links, which is determined by adding up the cost of each data link in that telecommunications network. Note that costs here refer to the costs of purchasing and installing the data links, and the propagation delay of the data links. The delay of a data link is the duration taken for a packet of data to travel along that link. 14 Since data links are installed in telecommunications network as a wireless communications channel of a specified bandwidth, transmission line, or optical cable, this results in minimizing the installation costs of the network whilst allowing users of the telecommunications network to enjoy a good performance of data transmission.
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Given that the shortest path for any node in a graph can be determined from the set of shortest paths, the set of shortest paths can be determined as follows: Dijkstra's algorithm is applied to each node in the graph. An 
where The overall objective fitness function is used to determine how good the solution is for this problem described by the models employed. 23 
refers to the number of network nodes with more than or equal to two neighbors, E i is the number of connections, and k i is the number of neighbors of the node. The neighbors of a node are the nodes connected to it. The
A scalar overall objective function obtained with a linear combination of weighted objectives requires knowledge about each of the aforementioned cost functions to determine its weight. This also results in a loss of information due to the absence of knowledge about their correlation and interaction. Hence, the Pythagorean sum is used; this requires the individual cost functions to be independent or lowly correlated to each other. The multi-cost function model is:
where C all is the overall fitness of the chromosome, and C oi is the i th cost function. (4) and (5) , were found to be highly and negatively correlated with the third cost function, see equation (6) chromosomes to renew relationships with previous partners as current commensal or mutualistic partners. Consequently, the objective of parasitic chromosomes is to convince its hosts that they are not currently parasitic. 33 
EXPERIMENTS AND RESULTS
Simulation runs were carried out for each objective function, and their cross-correlation was determined. That is
CONCLUSIONS
